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ABSTRACT
Context. We have obtained precise radial velocities for a sample of 373 G and K type giants at Lick Observatory regularly over more
than 12 years. Planets have been identified around 15 of these giant stars, and an additional 20 giant stars host planet candidates.
Aims. We are interested in the occurrence rate of substellar companions around giant stars as a function of stellar mass and metallicity.
We probe the stellar mass range from approximately 1 to beyond 3 M, which is not being explored by main-sequence samples.
Methods. We fit the giant planet occurrence rate as a function of stellar mass and metallicity with a Gaussian and an exponential
distribution, respectively.
Results. We find strong evidence for a planet-metallicity correlation among the secure planet hosts of our giant star sample, in agree-
ment with the one for main-sequence stars. However, the planet-metallicity correlation is absent for our sample of planet candidates,
raising the suspicion that a good fraction of them might indeed not be planets despite clear periodicities in the radial velocities. Con-
sistent with the results obtained by Johnson for subgiants, the giant planet occurrence rate increases in the stellar mass interval from 1
to 1.9 M. However, there is a maximum at a stellar mass of 1.9+0.1−0.5 M, and the occurrence rate drops rapidly for masses larger than
2.5–3.0 M. We do not find any planets around stars more massive than 2.7 M, although there are 113 stars with masses between 2.7
and 5 M in our sample (corresponding to a giant planet occurrence rate smaller than 1.6% at 68.3% confidence in that stellar mass
bin). We also show that this result is not a selection effect related to the planet detectability being a function of the stellar mass.
Conclusions. We conclude that giant planet formation or inward migration is suppressed around higher mass stars, possibly because
of faster disk depletion coupled with a longer migration timescale.
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1. Introduction
About 1500 confirmed extrasolar planets are known today
(Wright et al. 20111). The rate of detection and confirmation of
exoplanets has increased dramatically in the recent past, with
almost one third of exoplanets confirmed in early 2014 alone
(Rowe et al. 2014; Lissauer et al. 2014) and another third being
discovered only during the last two years. Roughly two thirds
of all confirmed planets have been found with the transiting
method, and many more candidates are known, especially those
discovered with the Kepler space telescope (see Borucki et al.
2011a,b; Batalha et al. 2013 for Kepler planet candidates and
Howard et al. 2012; Fressin et al. 2013 for statistical analyses
of planet occurrence rates). The radial velocity (RV) technique,
which accounts for the detection of the remaining third of con-
firmed planets, has major difficulties with the detection of plan-
ets around stars more massive than ≈ 1.5 M, since hotter stars
have fewer absorption lines and also rotate more rapidly, which
both adversely affect the radial velocity precision (Galland et al.
? Based on observations collected at Lick Observatory, University of
California
1 http://www.exoplanets.org/
2005a; Lagrange et al. 2009). A few giant planets and brown
dwarfs have been found around early dwarf stars despite these
difficulties (see e.g. Galland et al. 2005b, 2006).
In order to avoid these difficulties one can target moderately
massive stars that have already left the main sequence and have
evolved into giant stars. As giant stars are cooler than their pre-
decessors on the main sequence and have slower rotation rates,
their spectral lines are more numerous and also less broadened,
so that one can measure their radial velocities very precisely.
While the statistics on properties of extrasolar planets around
main-sequence stars has continuously improved throughout the
last decade, the number of known substellar companions around
giant stars is still comparatively small. So far, 63 companions in
59 systems have been announced2. They have emerged from a
variety of Doppler surveys, including our own using the Hamil-
ton Spectrograph at Lick Observatory (Frink et al. 2001, 2002;
Reffert et al. 2006; Mitchell et al. 2013; Trifonov et al. 2014) as
well as surveys conducted with FEROS at La Silla Observatory
(Setiawan et al. 2003, 2005), with the HIDES spectrograph at
Okayama Observatory (Sato et al. 2003, 2007, 2008a,b, 2010,
2 We maintain a list of planet discoveries around giant stars at
http://www.lsw.uni-heidelberg.de/users/sreffert/giantplanets.html
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2012), Tautenburg (Hatzes et al. 2005; Döllinger et al. 2007,
2009b,a), the Penn State Torún planet search with the Hobby-
Eberly Telescope (Niedzielski et al. 2007, 2009a,b; Gettel et al.
2012a,b), the BOES spectrograph at Bohyunsan Observatory
(Han et al. 2010; Lee et al. 2012a,b, 2013), and the search by
Jones et al. (2011, 2013, 2014a,b), which employs FEROS at La
Silla Observatory as well as the FECH and CHIRON spectro-
graphs at Cerro Tololo Inter-American Observatory.
The planet-metallicity correlation (Fischer & Valenti 2005;
Udry & Santos 2007) is by now well established for main-
sequence stars, indicating that a star with high metallicity has
a much higher probability of hosting a planet than a star with a
lower metallicity. For subgiants, the same trend with metallic-
ity was observed by Johnson et al. (2010a), although it is not
as strong as for main-sequence stars. In addition to metallicity,
Johnson et al. (2010a) also found a correlation between planet
occurrence rate and stellar mass in the sense that higher mass
stars have a higher probability of hosting a giant planet. In the
case of planet-hosting evolved stars it is not clear yet whether a
correlation between planet occurrence rate and metallicity exists.
While Pasquini et al. (2007), Takeda et al. (2008) and Mortier
et al. (2013) do not find evidence for such a correlation in their
samples of G and K giants, Hekker & Meléndez (2007) find indi-
cations for a positive correlation between metallicity and planet
occurrence rate for K giant stars. However, one has to keep in
mind that the number of securely established planets around
evolved stars originating from a single homogeneously selected
and observed sample was still quite small at that time.
Recently, Maldonado et al. (2013) have reinvestigated a pos-
sible link between metallicity and giant planet occurrence rate
in a sample of published subgiant and giant planet hosts, using
a control sample of nearby Hipparcos giants (which were not
actually searched for planets and which is certainly not ideal -
given the huge number of bright giant stars slightly different se-
lection criteria can result in a sample with different characteris-
tics). Maldonado et al. (2013) found no planet-metallicity corre-
lation for giant stars with stellar masses smaller than 1.5 M, but
did find a positive planet-metallicity correlation for giant stars
with masses larger than 1.5 M and for subgiants. The issue of
a planet-metallicity correlation for giant stars is thus far from
settled.
In this paper we search for correlations between planet oc-
currence rate and either stellar metallicity and/or stellar mass
in our sample of 373 G and K giants, which we have been
monitoring at Lick Observatory since 1999. In particular, stel-
lar masses in our parent sample range from about 1 to 5 M and
thus extend significantly beyond the mass range of the combined
main-sequence and subgiant sample from Johnson et al. (2010a),
which covers the mass range from 0.2 to 2 M. Our detection ca-
pability of planetary companions is similar to that used in other
studies: for about 60% of our monitored stars, we are sensitive to
planets with an RV semi-amplitude of 30 m/s and a period less
than 4 years, which corresponds to the detection threshold used
by Fischer & Valenti (2005).
According to the usual definition involving deuterium burn-
ing, one would have to call objects with masses of more than
about 13 MJup (Spiegel et al. 2011) brown dwarfs rather than
planets. However, taking also the formation scenario into ac-
count, one might want to include objects in the mass range from
roughly 13 to 25–30 MJup among the planet category, especially
those which formed around stars more massive than 1 M (see
e.g. Baraffe et al. 2010; Schneider et al. 2011). We will not make
a distinction at the deuterium burning mass, but rather call all
these objects planets (or planet candidates) for simplicity.
The paper is organized as follows. In Section 2 we describe
the Doppler survey at Lick Observatory. Section 3 is dedicated
to the characterization of the stellar sample and in particular de-
scribes how we derive stellar masses for our sample of giant
stars. The planets that we have found in our sample are discussed
in Section 4. In Section 5 we statistically analyze planet occur-
rence rate as function of stellar metallicity and stellar mass and
present our results. Section 6 provides a detailed discussion of
our results including a comparison with planet formation mod-
els, and finally we give a short summary in Section 7.
2. Observations
Since 1999, we have been carrying out a radial velocity survey
of G and K giants at UCO/Lick Observatory using the 0.6 m
Coudé Auxiliary Telescope (CAT) together with the Hamilton
Echelle Spectrograph with a theoretical resolution of approx-
imately 60 000 (Vogt 1987); in practice we measure a resolu-
tion of about 50 000 at a wavelength of 6000 Å. See Frink et al.
(2001, 2002); Reffert et al. (2006) for a description of our sur-
vey and earlier results. We follow the method for acquiring and
reducing data using the iodine cell method as described by But-
ler et al. (1996) and achieve a typical RV precision of about 5–
8 m s−1 with integration times of less than 30 minutes. We typ-
ically have accumulated between 20 and 100 observations per
star, depending on brightness and observing priority.
Giant stars exhibit solar-like oscillations (see e.g. Zechmeis-
ter et al. 2008), which manifest themselves as RV jitter in our
observations due to the low observing cadence. The amount of
RV jitter depends on spectral type (Frink et al. 2001; Hekker
et al. 2006), with typical values of below 10–20 m s−1 for early
K giants and up to 50 m s−1 or more for late K giants and early
M giants. Thus, an RV precision of 5–8 m s−1 is adequate for our
survey.
3. Stellar Sample
3.1. Sample Selection Criteria
The selection criteria for the stars have been described by Frink
et al. (2001). The stars are all brighter than 6th mag in V and have
declinations between −30◦ and +68◦. The original sample only
consisted of 86 K giants that were supposedly neither variable
nor part of a multiple system; we especially checked a number
of flags in the Hipparcos Catalogue in order to make sure that
there are no indications for so far unresolved companions (see
appendix in Frink et al. 2001). Another 96 stars were included
one year later with basically the same selection criteria; the only
difference was that for the newly added stars photometric sta-
bility was not required anymore (the coarse variability flag in
the Hipparcos Catalogue was allowed to be non-zero). However,
it turned out that the actual level of photometric variability is
not very different between the two parts of the sample; photo-
metric variability is usually smaller than 0.01 mag and basically
insignificant, so that we treat these two parts of the sample to-
gether. Three of the stars were excluded from the sample when
they were found to be visual binaries.
In 2004 the survey was extended again by 194 G and K
giants that have, on average, higher masses and bluer color
(0.8 ≤ B − V ≤ 1.2). Bluer color means less intrinsic RV jit-
ter (Frink et al. 2001; Hekker et al. 2006), which was the rea-
son for the inclusion of late G giants. The selection of stars
was performed in the following way. In a first step, we identi-
fied all the G and K giant stars in the Hipparcos Catalogue with
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relevant position, apparent magnitude and color (see above) via
their reduced proper motion diagram, which nicely separates gi-
ant and dwarf stars based on their distinct kinematics. For this
sample, we estimated masses from evolutionary tracks (Girardi
et al. 2000) assuming solar metallicity. In the end, we chose those
stars with the highest masses derived in this way. Binaries were
also avoided as much as possible, but some have slipped in nev-
ertheless.
The reason for preferentially selecting more massive stars
was to test whether or not more massive stars also host more
massive companions. In retrospect we realized that these selec-
tion criteria for this sample were not ideal for the issues ad-
dressed in this paper. As we did not have metallicities on hand
for these stars, the stellar masses were initially derived assuming
solar metallicity. However, the derivation of the masses used in
this paper does take metallicity into account, as described below.
3.2. Stellar Masses
The stellar masses have been determined using a trilinear in-
terpolation between evolutionary tracks and isochrones (Girardi
et al. 2000), respectively, and metallicity as a third parameter
(Künstler 2008). Because the location of evolutionary tracks and
isochrones depends on the assumed metallicity, taking into ac-
count the metallicities is crucial. Most of the metallicities were
derived from the equivalent widths of iron lines by Hekker &
Meléndez (2007). We performed the interpolation for separate
stages of the evolutionary tracks and isochrones in order to deter-
mine the probabilities for the stars to be on the red giant branch
(RGB) or on the horizontal branch (HB), respectively. For each
star we generated 10 000 positions within the three-dimensional
space (B − V, MV, [Fe/H]), using the measured color, absolute
magnitude and metallicity and taking Gaussian errors into ac-
count. For each of these generated positions we determined the
stellar parameters from evolutionary tracks by interpolation. The
results have been weighted by the initial mass function (IMF),
dN ∝ M−αdM , (1)
where we adopted a value of α = 2.35 from Salpeter (1955). In
addition to the IMF, the evolutionary timescale at a given posi-
tion in the color-magnitude diagram (CMD),
v =
√
(∆ (B − V))2 + (∆MV)2
∆t
(2)
has been taken into account for the weighting. v is the veloc-
ity in the CMD, at the position indicated by the star’s B − V ,
MV and [Fe/H] values, or at the generated Monte Carlo position
in the CMD which is consistent with the observational errors
in those quantities. This means that the probability for a star to
be located at a certain position in the CMD is lower the faster
its evolution progresses at that particular position in the CMD.
Taken together, the weighting with the IMF and the evolutionary
timescale during the red giant phase closely resembles weight-
ing with a present-day mass function for giant stars. Counting the
successful interpolations and weighting the results in the above-
mentioned way yields the probabilities and masses of a star be-
ing either on the RGB or on the HB. The masses assuming either
RGB or HB evolutionary status are mostly very similar to each
other, with significant differences only in a few cases. We pro-
vide our derived masses with errors and probabilities for both
evolutionary cases in Table 3. In this paper we simply use the
mass which has the higher probability.
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Fig. 1. Histogram of minimum masses derived for 17 secure and 26
planet candidates in our Lick sample. Two of the 26 planet candidates
have minimum masses larger than 40 MJup and are not shown in the
plot.
Recently, Lloyd (2011, 2013) and Schlaufman & Winn
(2013) have argued that masses derived from evolutionary mod-
els for subgiant and giant stars are systematically too large. The
argument from Lloyd (2011, 2013) rests on the comparison of
the mass distribution of planet host subgiants with a mass distri-
bution constructed by integrating stellar model isochrones, tak-
ing the IMF, metallicity distribution and star formation history
into account. Schlaufman & Winn (2013) argue that the distribu-
tion of galactic space motions of subgiant and giant planet hosts
shows that the population has been dynamically heated and is
thus of lower mass than assumed so far. Johnson et al. (2013)
point out that the discrepancy in the mass distributions of sub-
giant planet hosts and model mass distributions based on galac-
tic population synthesis may be the result of selection effects in
the planet host sample, and conclude that the masses derived on
the basis of evolutionary tracks might still be correct.
Similarly, there are many selection effects biasing the masses
in our K giant sample, and one should not expect that the masses
follow those in an unbiased galactic model. Specifically, our
Lick sample consists of three subsamples with different selection
criteria. The sample is neither magnitude- nor volume-limited,
but has been selected to contain the most photometrically and
astrometrically stable stars available, based on a number of flags
in the Hipparcos Catalogue. Specifically, one of the subsamples
was selected to contain the highest mass G and K giants, in or-
der to better test planet occurrence rate as a function of mass.
Thus, the statistical tests of Lloyd (2011, 2013) and Schlaufman
& Winn (2013) do not necessarily apply to our sample.
We simply note that while it is possible that our masses suf-
fer from systematic errors in the underlying evolutionary tracks,
the masses for our Lick sample would all be affected in the same
way, provided that the systematic error shifts a particular evo-
lutionary track in the CMD, but does not significantly affect its
shape. This implies that a comparison of the properties of the
higher mass stars of the sample to those of the lower mass stars
in the sample is still possible and not affected by an incorrect
mass scale.
An independent test would be to determine asteroseismic
masses for some of the evolved stars in order to test spectro-
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Fig. 2. Planet occurrence rate as a function of
metallicity and stellar mass in our Lick sample.
The percentage numbers give the fraction of the
number of stars with a planet and/or planet can-
didate of all stars in that bin. One can clearly see
that planet occurrence rate in our Lick sample
increases strongly with stellar metallicity and
decreases with stellar mass.
scopically determined masses; for some stars in our Lick sample,
the Kepler K2 mission will provide the necessary data. John-
son et al. (2014) compare mass determinations for the subgiant
HD 185351, and find general agreement between the asteroseis-
mic and spectroscopic mass at 1.8 M; only once asteroseismol-
ogy is combined with interferometry, the resulting mass estimate
would be smaller by 2.6σ. Asteroseismic masses are available
for two stars in our Lick sample: the planet-bearing stars ι Dra
(Baines et al. 2011) and β Gem (Hatzes et al. 2012). In both
cases, the asteroseismic masses are compatible with the spectro-
scopic masses at a level of about 1-1.5σ; for ι Dra the astero-
seismic mass is the larger one, for β Gem the spectroscopic one.
A much larger sample would be needed to unveil any systematic
differences between the various methods to derive stellar masses.
3.3. Stellar Parameter Table
Besides stellar mass, the interpolation also yields other stellar
parameters, namely integrated mass loss Mloss (as compared to
the zero age main-sequence masses), age t∗, effective tempera-
ture Teff , luminosity L, radius R∗ (computed from the two previ-
ous quantities) and surface gravity log g. Table 3 provides these
stellar parameters along with their formal errors as well as the
[Fe/H] values for each star.
4. Substellar Companion Statistics
Our goal is to investigate giant planet occurrence as a function of
stellar mass and metallicity. In order to do so, we need to identify
all potential planets that have emerged from our Lick RV survey
of G and K giant stars.
Since giant stars show larger RV jitter than main-sequence
stars, it is sometimes difficult to distinguish between an RV sig-
nal caused by a companion and RV variations with an intrin-
sic stellar origin. In particular, non-radial pulsations could have
similar periods as the planets we typically observe in our sam-
ple. Non-radial pulsations have been identified in giant stars on
the basis of both Corot and Kepler data (see e.g. De Ridder et al.
2009; Carrier et al. 2010; Bedding et al. 2010; Stello et al. 2013),
but it is not clear at present whether such single-mode, long-lived
non-radial pulsations with high radial order (Hatzes & Cochran
1999) as would be required to match the observed radial veloci-
ties really exist in giant stars.
Radial pulsations are not a concern since they have much
shorter timescales, confirmed recently for red giants in large
numbers via asteroseismology performed with Kepler data, such
as in Bedding et al. (2010), Kallinger et al. (2012), or Stello
et al. (2013); they manifest themselves as stellar jitter in our RV
curves.
Likewise, stellar spots which could in principle give rise to
radial velocity variations with the stellar rotation period can be
excluded as the major contribution to the observed radial veloc-
ity variability, since the spots would have to be too large to be
consistent with the low level of photometric variability observed
by Hipparcos. This was shown explicitly to be the case for the
planets orbiting the K giants τ Gem and 91 Aqr in Mitchell et al.
(2013) and for the interacting planets around the K giant η Cet
(Trifonov et al. 2014), and also applies to all other planets and
planet candidates in the Lick sample; none of the observed radial
velocity variations is consistent with being caused by a spotted
star, in particular due to the very low level of photometric vari-
ability.
We verified this again for all the planets and planet candi-
dates discussed here, applying two tests. For the first test, we
derived the spot filling factor which would be required to gen-
erate the observed RV amplitude using the relation from Hatzes
(2002), estimated the resulting photometric variability by fac-
toring in the geometry and compared this to the photometric
variability observed by Hipparcos. In many cases, in particular
for those companions with short periods and consequently large
RV amplitudes, this resulted in spot filling factors larger than 5–
10%, which cannot be brought in line with the small photometric
variations observed by Hipparcos. For the second test, we as-
sumed that the RV periods which we observe match the rotation
period, and calculated the resulting rotational velocity vrot utiliz-
ing the derived stellar radii from Table 3. We compared this to
the measured projected rotational velocities v · sin i from Hekker
& Meléndez (2007). In most cases the rotational velocities vrot
Article number, page 4 of 33
Sabine Reffert et al.: Precise Radial Velocities of Giant Stars
-0.6 -0.4 -0.2 0.0 0.2
[Fe/H]
1
2
3
4
5
st
el
la
r m
as
s 
[M
Su
n]
40%
30%
20%
10%
 0%
pl
an
et
 o
cc
ur
re
nc
e 
ra
te
Fig. 3. Planet occurrence rate (color coded) as a function of metallicity
and stellar mass in our Lick sample; only the secure planets have been
considered. Data have been heavily smoothed, so that the general trend
in planet occurrence rate becomes apparent. There is a clear maximum
in planet occurrence rate for metallicities of about 0.2 and masses of
about 2 M.
are significantly smaller than the projected rotational velocities,
which is not possible. This applies specifically to the stars with
longer periods and thus smaller rotational velocities vrot, increas-
ing the discrepancy. In other words, the periods which we see in
the RV data are typically larger than the rotational periods of the
stars. These tests clearly showed that rotational modulation of
stellar features is not a viable explanation for the observed RV
variability.
The typical level of intrinsic radial velocity variation scales
with B − V (Frink et al. 2001) and/or surface gravity (Hekker
et al. 2008); while the expected stellar jitter of our late G and
early K giants is less than approximately 20 m s−1, the jitter for
late K giants (with B−V around 1.6) is up to 100 m s−1 and more.
As a result, smaller mass or longer period planets, which have
smaller RV semi-amplitudes, cannot be identified as easily as
those around main-sequence stars. One needs more observations
to compensate for the stellar jitter, and longer time baselines cov-
ering several periods to ensure that phase and amplitude of the
observed RV signal are constant over time.
For these reasons we have divided the tentative detections
present in our Lick sample into two categories: planets and
planet candidates. Planets are those which we consider secure
discoveries, and planet candidates are those whose existence is
more doubtful. Planets usually have a clear and convincing pe-
riodic RV signal, and have been observed over several cycles.
Planet candidates also have clear periodic signals (highly signif-
icant in Lomb-Scargle periodograms), but the ratio between RV
semi-amplitude and stellar jitter is smaller than for the secure
planets, so that stellar jitter becomes more prominent in the RV
curve.
Distinguishing planet candidates from non-radial pulsations
is rather difficult and requires many observations over a long
time baseline in order to test for phase and amplitude stability of
the RV signal. Another possibility to distinguish between pulsa-
tions and an orbiting companion is the comparison of the RV sig-
nal computed from different wavelength regions of the spectrum.
We have started observing 20 K giants with periodic radial ve-
locity patterns from our Lick sample with the CRIRES infrared
high resolution spectrograph at VLT. These observations should
ultimately tell us whether the periodic RV pattern is due to a
companion (same pattern in the Lick and CRIRES velocities) or
not (different amplitude and/or phase in Lick and CRIRES ve-
locities), after we have accumulated observations over several
years.
In our Lick sample, we have identified secure planets around
15 stars. Two of these have an additional secure planet and
two an additional planet candidate. We found planet candidates
around 20 stars; four of these have an additional planet candi-
date. Two stars display a linear trend in the radial velocities on
top of the planet candidate periodicity, which could be indicative
of substellar objects in very long orbits, but are not considered
here further. Two secure planets and four planet candidates are
found in spectroscopic binaries. Altogether, this adds up to 43
(candidate) planets in 35 systems.
A histogram of minimum planet masses is shown in Fig. 1.
The smallest minimum mass of a secure planet is 2.3 MJup, while
the smallest minimum mass of a planet candidate is 1.1 MJup. On
the other hand, the largest minimum mass among secure planets
is 25 MJup, while a few planet candidates could have masses
even more massive than that (but still rather uncertain because
of long period orbits which still need to close). As mentioned
earlier, we refer to all of these objects as planets (or planet can-
didates).
Eight of the 15 systems with a secure planet in our Lick sam-
ple have been published already: ι Dra b (Frink et al. 2002), Pol-
lux b (Reffert et al. 2006; Hatzes et al. 2006), ε Tau b (Sato et al.
2007), 11 Com b (Liu et al. 2008), ν Oph b and c (Quirrenbach
et al. 2011; Sato et al. 2013), τ Gem b and 91 Aqr b (Mitchell
et al. 2013), and η Cet b and c (Trifonov et al. 2014); we will
publish the remaining ones in the near future.
5. Planet Occurrence Rate as a Function of Stellar
Mass and Metallicity
5.1. Whole Sample
In Fig. 2, we plot stellar mass as a function of metallicity for
all our stars in the Lick sample. We distinguish the 186 stars
with which we started in 1999/2000 (dots; ‘first sample’) from
the 196 ones which were added in 2004 with different selection
criteria (crosses; ‘second sample’). The solid and dashed lines
indicate the median masses per metallicity bin of the stars of
the first and second sample, respectively. One can clearly see
that the stars of the second sample have higher masses than the
stars of the first sample, in particular at high metallicities. It was
our aim to study exoplanets around high mass stars when we
put together the second sample, so this bias was introduced on
purpose through our selection criteria.
In order to study planet occurrence rate as a function of
metallicity and mass, we divided the area which is most pop-
ulated in the metallicity/stellar mass plane into nine bins (three
in each dimension); see Fig. 2 and Table 1. We then determined
the fraction of stars with planets (filled circles) and planet can-
didates (open circles) in each of these bins. The resulting planet
occurrence rates (counting planets as well as planet candidates)
are overplotted in Fig. 2 in the center of each bin (percentage
numbers).
Table 1 gives the number counts of planets, planet candi-
dates and stars in each bin, and the resulting planet occurrence
rates counting only secure planets ( fplanet) and counting secure
planets as well as planet candidates ( fplanet+cand). 68.3% confi-
dence limits on planet occurrence rates are also given; they were
calculated based on binomial statistics following the Bayesian
approach (Cameron 2011).
From Fig. 2 and Table 1, a rather clear pattern emerges:
planet occurrence rate increases strongly with metallicity in our
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Table 1. Number of stars with planets (nplanet), with planet candidates (ncand) and number of all stars (nstars) in our Lick sample for the bins in
metallicity ([Fe/H]bin) and stellar mass (M*,bin) shown in Fig. 2. The corresponding planet frequencies for planets ( fplanet) and for planets and
planet candidates combined ( fplanet+cand) are also given, together with their 68.3% confidence levels derived from binomial statistics.
[Fe/H]bin M*,bin nplanet ncand nstars fplanet fplanet+cand
[dex] [M] [%] [%]
–0.28 . . . –0.12 1.0 . . . 1.8 0 5 41 0.0 +4.3−0.0 12.2
+7.0
−3.4
1.8 . . . 2.6 2 0 29 6.9 +7.9−2.3 6.9
+7.9
−2.3
2.6 . . . 3.4 0 0 21 0.0 +8.0−0.0 0.0
+8.0
−0.0
–0.12 . . . +0.04 1.0 . . . 1.8 2 0 29 6.9 +7.9−2.3 6.9
+7.9
−2.3
1.8 . . . 2.6 1 3 51 2.0 +4.2−0.6 7.8
+5.5
−2.3
2.6 . . . 3.4 0 1 45 0.0 +3.9−0.0 2.2
+4.8
−0.7
+0.04 . . . +0.20 1.0 . . . 1.8 4 2 16 25.0 +13.3−7.7 37.5
+12.9
−10.1
1.8 . . . 2.6 4 1 24 16.7 +10.2−5.0 20.8
+10.4
−5.9
2.6 . . . 3.4 2 1 22 9.1 +9.9−3.1 13.6
+10.5
−4.4
sample, and it decreases with stellar mass in the mass range
which we probe here. Planet occurrence rate is highest (37.5
+12.9
−10.1%) in the bin with the highest metallicities and the lowest
stellar masses, and it drops down to 0% in the mass bin with the
lowest metallicities and highest stellar masses. In between, we
observe intermediate values, so there seems to be a smooth tran-
sition between the highest and lowest planet occurrence rates as
a function of metallicity and stellar mass.
This result does not change much when we reject the planet
candidates and only use the confirmed planets for the statistics,
as one can see from a comparison of the last two columns in Ta-
ble 1. Of course, the overall planet occurrence rate is lower if
only confirmed planets are counted. The fraction of stars with
confirmed giant planets, fplanet, can be regarded as a lower value
for the true fraction of giant stars harboring giant planets in our
sample, while the fraction of stars which either harbor a con-
firmed planet or a planet candidate, fplanet+cand, can be regarded
as an upper value for that number.
The correlations with metallicity and mass which we de-
scribed above are present irrespective of whether planet candi-
dates are included or excluded. However, if considering the dis-
tribution of planets and planet candidates separately, one notable
difference emerges: we find a lot of planet candidates at rather
small metallicity and mass. In our lowest mass and lowest metal-
licity bin, we only find planet candidates, but no planets. This
trend continues to smaller metallicities. We do not know what
the reason is for the different distribution of planets and planet
candidates with respect to metallicity, but it is certainly possible
that some fraction of the planet candidates are not true planets.
We will now examine the correlation of planet occurrence
rate with stellar metallicity and stellar mass in more detail. For
this analysis, we restrict ourselves to the planet population of the
confirmed planets only. We divided our Lick sample of stars into
more metallicity and mass bins (namely, 20 bins over the full
range of values shown in Fig. 2), and determined planet occur-
rence rates in those bins. Since we are plagued by small number
statistics with such a large number of bins, we heavily smoothed
the resulting planet occurrence rate map using a sliding average
over five bins, in order to reveal the general trends present in the
distribution of planets, but not the small, insignificant details.
The resulting planet occurrence rate map is shown in Fig. 3.
Planet occurrences rate is color coded as indicated by the
bar on the right hand side of the plot; the planet occurrence rate
ranges from 0% (the large area of the diagram in light yellow, es-
pecially at small metallicity and high mass) up to 40% for metal-
licities around 0.2 and masses around 2 M (black). The white
areas of the diagram correspond to metallicity/mass combina-
tions for which we do not have any measurements, i.e. which are
not covered by our Lick sample.
5.1.1. Fitted Dependencies
In order to quantify the planet occurrence rate as a function of
metallicity and stellar mass, and in order to compare our results
with the findings of others, we fitted our data to a model fol-
lowing an exponential distribution in metallicity and a Gaussian
distribution in stellar mass, as suggested by Fig. 3. In addition,
we also fitted our data with a power law distribution in stellar
mass (see Johnson et al. 2010a), which we modified also to in-
clude an exponential cutoff so that it better describes the decrease
in planet occurrence rate at higher masses. For comparison, we
also fitted our observations to a flat distribution in mass, keeping
only the exponential distribution in metallicity.
The Gaussian plus exponential distribution has the following
form with parameters C, µ, σ and β:
f (M∗, [Fe/H]) = C exp
(
−1
2
[M∗ − µ
σ
]2)
10β[Fe/H] , (3)
whereas the power law with cutoff plus exponential distribution
is described by
f (M∗, [Fe/H]) = C (M∗/M)α exp
(
−M∗
M0
)
10β[Fe/H] , (4)
with parameters C, α, M0 and β. The power law plus exponential
distribution with parameters C, α and β as used by Johnson et al.
(2010a) has the form
f (M∗, [Fe/H]) = C (M∗/M)α 10β[Fe/H] . (5)
f (M∗, [Fe/H]) is the fraction of stars with giant planets, M∗ is
the stellar mass and [Fe/H] is the stellar metallicity.
We performed the fitting with two different methods:
Levenberg-Marquardt least squares minimization and Bayesian
inference. The results were largely identical, so we quote only
the results of the Bayesian analysis in Table 2. The disadvantage
Article number, page 6 of 33
Sabine Reffert et al.: Precise Radial Velocities of Giant Stars
−0.6 −0.4 −0.2 0.0 0.2
[Fe/H]
0
5
10
15
20
25
30
35
pl
an
et
 o
cc
ur
re
nc
e 
ra
te
 [%
]
planets
candidate planets
Eq. 3, bin mean
Eq. 3, M
*
 = 1.9 MSun
Fig. 4. Planet-metallicity correlation observed in our Lick sample, ig-
noring the effect of stellar mass on the planet occurrence rate. The filled
histogram shows secure planets, whereas the open histogram includes
planet candidates as well. Error bars are computed based on binomial
statistics as explained in the text. The solid line illustrates the exponen-
tial fit to the planet occurrence rate of secure planets as a function of
metallicity, for a stellar mass of 1.9 M. The black dots also correspond
to the exponential fit, but here the individual mass distribution in each
bin has been taken into account.
of the least squares minimization in our context is its inability
to account for asymmetric error bars, as applicable for binomial
population proportions. On the other hand, the Bayesian tech-
nique has some shortcomings as well; we performed a simple
grid search for the maximum likelihood, which is computation-
ally expensive, and the choice of priors or meaningful parameter
intervals is rather arbitrary.
An advantage of Bayesian inference for the given analysis is
the possibility to account for a probability distribution in mass,
rather than assuming one fixed value with an error bar. We con-
structed these probability distributions by adding two Gaussians
(where applicable), which were centered on the two different
mass estimates which we derived for most of our stars (Table 3).
The formal errors of the masses correspond to the widths of the
Gaussians, and the relative heights were given by the probabil-
ities derived for the red giant branch and the horizontal branch
solution, respectively. We thus ended up with bimodal distribu-
tions for the masses, although in many cases the two peaks in the
mass probability distribution are located close to each other.
Our strategy for applying the principles of Bayesian infer-
ence closely followed the one outlined in Johnson et al. (2010a).
Specifically, we would like to stress that we fitted the various
planet occurrence models to each star individually, not to binned
or smoothed data. We chose uniform priors for all parameters,
since we did not want to bias the result in any way. We ensured
that all prior ranges included the peak in the maximum likeli-
hood as well as the 68.3% confidence regions of the parameters.
The result of the Bayesian fitting is summarized in Table 2.
The first line gives the limits of the uniform prior ranges. The
parameters given for each model correspond to the peak in the
likelihood function; the 68.3% confidence intervals are quoted in
the second line for each fitted model. Most posterior probability
distribution functions are slightly asymmetric; the quoted confi-
dence intervals thus correspond to the shortest intervals with a
68.3% chance for containing the correct parameter values. The
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Fig. 5. Planet occurrence rate as a function of stellar mass in our Lick
sample, ignoring the effect of stellar metallicity. See caption of Fig. 4
for the explanation of histogram data and error bars. The solid line de-
notes our best fit to the mass dependence of the giant planet occurrence
rate computed for zero metallicity. The black dots correspond to the
same model, but the true metallicity distribution within each bin has
been taken into account.
Bayes factor B is the ratio of the evidence of a given model di-
vided by our best fitting model described by Eq. 3. Bayes factors
between 1 and 3.2 are ‘not worth more than a bare mention’,
whereas Bayes factors between 10 and 100 provide ‘strong evi-
dence’ against the model being tested (Kass & Raftery 1995).
The Gaussian distribution in mass (Eq. 3) and the power law
with cutoff (Eq. 4) fit the data about equally well. Our best fit-
ting model is the one with the Gaussian distribution in mass;
we obtain C = 0.082+0.040−0.026, β = 1.7
+0.3
−0.4, µ = 1.9
+0.1
−0.5 M and
σ = 0.5+0.5−0.2 M. The parameter µ gives the stellar mass with
the highest probability for the presence of a giant planet. Fur-
thermore, according to this model, the planet occurrence rate has
dropped to half of its peak value at masses of 1.2 M and 2.6 M,
respectively. The uncertainty in these masses is of the order of
0.5 M (combined error in both µ and σ).
A flat distribution in mass or the simple power law from
Johnson et al. (2010a) perform much worse; the evidence against
those latter two models is ‘strong’ (Kass & Raftery 1995), so that
they can be rejected. The power law exponent α in the model
from Johnson et al. (2010a) is even negative when fitted for with
our data, suggesting that the decrease of planet occurrence rate at
higher masses dominates over its increase observed for smaller
masses. This is why we fixed α to 1, the value obtained by John-
son et al. (2010a), when modeling our observations according to
Eq. 4. We also tried to fit for α here, but did not succeed; the
parameter is not well constrained by our data, and is correlated
with M0.
The value that we find for β is fully consistent with other
studies on the planet-metallicity correlation, in particular with
Fischer & Valenti (2005) and Udry & Santos (2007) (Table 2).
For the mass range from 0.2–2 M, Johnson et al. (2010a) found
a positive correlation between planet occurrence rate and stellar
mass. It seems that this correlation turns into an anticorrelation
for masses larger than about 1.9 M.
In Fig. 4 we show the planet occurrence rate as a function of
metallicity, and in Fig. 5 we show the planet occurrence rate as
a function of stellar mass, respectively. Separate histograms are
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Table 2. Derived parameters, 68.3% confidence regions and Bayes factors B obtained via Bayesian fitting of observed planet occurrence rates as
a function of stellar mass and metallicity; see Eqs. 3, 4 and 5. Parameter values from other studies are given for comparison.
α β C
µ σ M0 B
mass range
[M] [M] [M] [M]
new Bayesian fits
uniform prior limits –1.5. . . +1.5 0.0. . . 3.0 0.01. . . 0.30 1.0. . . 3.0 0.1. . . 2.0 0.5. . . 2.0
Eq. 3 . . . 1.7 0.082 1.9 0.5 . . . 1.0 1.0 . . . 5.0
. . . 1.3 - 2.0 0.056 - 0.122 1.4 - 2.0 0.3 - 1.0 . . . (fixed) . . .
Eq. 4 1.0 1.8 0.223 . . . . . . 0.7 1.3 1.0 . . . 5.0
(fixed) 1.3 - 2.0 0.111 - 0.432 . . . . . . 0.6 - 1.0 . . . . . .
Eq. 5 –0.3 1.6 0.089 . . . . . . . . . 8.4 1.0 . . . 5.0
–0.6 - 0.0 1.2 - 1.9 0.059 - 0.124 . . . . . . . . . . . . . . .
flat . . . 1.8 0.044 . . . . . . . . . 76 1.0 . . . 5.0
. . . 1.3 - 2.1 0.031 - 0.060 . . . . . . . . . . . . . . .
other investigations
Johnson et al. (2010a) 1.0 ± 0.3 1.2 ± 0.2 0.07 ± 0.01 . . . . . . . . . 0.2 . . . 2.0
Udry & Santos (2007) . . . 2.04 0.0301 . . . . . . . . . 0.7 . . . 1.4
Fischer & Valenti (2005) . . . 2.0 0.03 . . . . . . . . . 0.7 . . . 1.5
plotted for either only the secure planets or including planet can-
didates. The solid line and the black dots indicate the fit which
was obtained above from applying Eq.3 to the individual data
(secure planets only), not the histogram data shown in the plots
which either ignores the dependence of planet occurrence rate
on mass (Fig. 4) or on metallicity (Fig. 5). It consists of an expo-
nential for the dependence on metallicity (Fig. 4) and a Gaussian
for the dependence on stellar mass (Fig. 5).
Ignoring the effect of stellar mass (Fig. 4, histogram data),
the planet-metallicity correlation seems even steeper than com-
pared to the fit that takes both metallicity and stellar mass into
account (Fig. 4, black dots). It is also evident from Fig. 4 that the
planet candidates are distributed differently with respect to stel-
lar metallicity than the secure planets; no clear planet-metallicity
correlation is seen for the planet candidates alone.
The distribution of secure planets and planet candidates, re-
spectively, with respect to stellar mass (Fig. 5) is rather similar
to each other; we do not see any differences in the two distribu-
tions such as those observed in the planet-metallicity correlation
of the two planet samples.
Fig. 6 shows contours of equal Bayesian likelihood as a func-
tion of parameters β and µ of our best-fitting model (Eq. 3).
There is no correlation between the two parameters character-
izing the dependence of giant planet occurrence rate on stellar
mass and metallicity, respectively. This indicates that the giant
planet occurrence rate depends on both parameters directly, in-
dependently of each other, and is not due e.g. to the uneven dis-
tribution of stars in the mass-metallicity plane.
The most striking result of our analysis is clearly the sharp
decrease in planet occurrence rate for stars with masses higher
than 2.5 to 3 M. The highest mass of a planet bearing star in our
sample is 2.7 M. We do not find any confirmed planets around
stars with larger masses, although there are 119 such stars in
our sample (83 of those stars are in the mass range from 2.7 to
3.5 M). This corresponds to a giant planet occurrence rate of
< 1.6% at 68.3% confidence, and < 5.6% at 99.73% confidence
in the mass interval from 2.7 to 5.0 M. We will discuss the de-
pendence of giant planet occurrence rate on stellar mass further
in Section 6.
5.2. Subsamples
In the previous section we have taken our full sample as a refer-
ence, assuming that we would be able to detect giant planets with
periods up to a few years around any star in our sample. Here we
will show that even when cutting down our sample to ensure uni-
form detectability of planets, the results of the previous section
still hold.
There are three parameters that influence our capability to
detect a given planet around a particular star in our sample: stel-
lar mass, intrinsic stellar jitter, and number of observations. Ob-
serving time span does not matter in our context, because all
stars have been observed for at least six years. With the excep-
tion of the period of the outer companion in the resonant double
brown dwarf system ν Oph, the periods for confirmed planets in
our sample range from 0.5 to 2.3 years.
The radial velocity semi-amplitude K1, which is imposed by
a planet with given mass m2, period P and eccentricity e on a star
of mass M∗, is given by
K1 =
(
2piG
P
)1/3 1√
1 − e2
m2 sin i
(M∗ + m2)2/3
, (6)
where i is the inclination and G is the gravitational constant.
We consider a given planet around a given star detectable
in our survey if the radial velocity semi-amplitude that it would
generate is larger than the intrinsic stellar jitter (any orbital mo-
tion is subtracted from the observed velocities before the intrin-
sic stellar jitter is derived from the standard deviation of the ra-
dial velocities). Furthermore, we require at least 12 observations
for each star, in order to allow for the detection of the planetary
signal in the presence of stellar jitter. The median intrinsic stellar
jitter in our sample is 22 m s−1, while the RV semi-amplitude K1
of a planet with a mass of 2.3 MJup (smallest mass among our
confirmed planets), period of 2.3 years (largest period among
our confirmed planets) around a 2 M star (typical stellar mass)
is 31 m s−1.
For comparison, the detection capability threshold used by
Fischer & Valenti (2005) corresponds to an RV amplitude of
at least 30 m s−1, a period of less than 4 years, and at least 10
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Fig. 6. Contours of equal Bayesian likelihood as a function of param-
eters β and µ for our best-fitting model (Eq. 3). The panel on the left
corresponds to the full Lick sample, while the panel on the right cor-
responds to the subsample. In both cases no correlations between the
parameters β (related to metallicity) and µ (related to mass) can be seen,
indicating that the giant planet occurrence rate indeed depends on both,
stellar mass and metallicity.
observations per star, very similar to our requirements. The sub-
giant planet hosts analyzed statistically by Johnson et al. (2010a)
also have Doppler signals which are typically larger than 20–
30 m s−1, so that the detection threshold between the various sur-
veys is not that different; we only miss a few planets with very
small RV amplitudes in our Lick giant star survey in comparison
with other surveys.
However, we caution that the resulting planets to which we
are sensitive will be more massive, for two reasons: (1) Since
the radial velocity signal depends on stellar mass (Eq.6), and
our stars are more massive than those in typical main-sequence
Doppler samples (average mass of about 2 M for giant stars as
opposed to 1 M for main-sequence stars), the resulting planet
masses in our sample are larger by a factor of about 1.6. The
same is true, though with even smaller differences in resulting
planet masses, for subgiants (typical stellar mass 1.5 M). (2)
The distribution of orbital parameters of planets found around
giant stars and those found around main-sequence or subgiant
stars differ, most notably in period. While a few hot Jupiters are
known around subgiant stars (Johnson et al. 2006, 2010b), such
short-period planets are completely absent from giant star sam-
ples; they are either engulfed by the star or move further out as
the radius of the stellar host increases (Sackmann et al. 1993;
Villaver & Livio 2009). In fact, roughly half of our stars are
on the horizontal branch already (as opposed to the red giant
branch), and have thus experienced a short phase with a very
expanded shell at the end of the red giant branch, potentially al-
tering the observable planets’ orbital parameters. Larger period
however means smaller RV signal, which can only be compen-
sated by a larger planet mass.
Our goal is to assemble a subsample that is more uniform
in planet detectability than our full Lick sample, in order to
eliminate any potential biases in the planet occurrence rate as a
function of metallicity and stellar mass that result from reduced
planet detection capabilities around stars of high mass, large jit-
ter or poor observing history. For each star in the full Lick sam-
ple, we check whether a planet with a minimum mass of 2.3 MJup
(which corresponds to the smallest planet mass among our con-
firmed planets) and a period of 2.3 years (which corresponds to
the longest period among our confirmed planets, with the ex-
ception of the outer companion to ν Oph) would be detectable
according to the definition above.
We end up with 207 (out of 373) stars that fulfill the de-
tectability criteria and which thus constitute our subsample.
Among the rejected stars are three planet-bearing stars and seven
additional stars hosting planet candidates. While we managed to
detect a (massive or small period) planet around these stars, it
means we would not have been able to detect the small planet
which we defined as reference for detectability.
The subsample still contains 50 out of the 119 stars with stel-
lar masses larger than 2.7 M from our original sample. Thus,
the fraction of high mass stars in the subsample (24%) is a bit
smaller than in the full sample (32%), but not by as much as one
might expect. The reason is that the more massive stars in our
sample have less than average jitter (due to our original selec-
tion criteria), which makes up for the reduced planet detection
capability around a star of larger mass.
In Fig. 7 we show a comparison of planet occurrence rates in
the full sample and the subsample for the same bins as in Table 1.
One can clearly see that the planet occurrence rates in the vari-
ous stellar mass and metallicity bins are very similar between the
full and the restricted samples. The small differences are not sig-
nificant if the errors are taken into account. Errors vary greatly
across bins, but are typically of the order of 5-10% for the full
sample (see Table 1), and not very different for the subsample
(typically of the order of 1% larger).
Furthermore, one can clearly discern the two bins where
planet-bearing stars were rejected for the subsample; these are
those where the planet occurrence rate drops. The only two
planet-bearing stars in the lowest metallicity and medium mass
bin were removed, as well as one planet-bearing star in the high-
est metallicity highest mass bin. For the remaining bins, planet
occurrence rates either remain at zero or increase slightly, re-
flecting the removal of a few stars without planets in those bins.
The overall pattern in the dependence of planet occurrence
rate with mass and metallicity which we observed for the full
sample is still clearly visible for the subsample and does not ap-
pear to have changed significantly. We fitted the planet occur-
rence rate for the subsample as a function of stellar mass and
metallicity to the same models as for the full sample. Unfor-
tunately, the Bayesian fitting did not work as well for the sub-
sample as for the full sample, presumably because increasingly
large parts of the mass-metallicity plane are not sampled well,
and the overall number of stars is small. This means that we can-
not assign reliable confidence limits to the derived parameters;
we still managed to derive best-fit values for all parameters from
a clear maximum in the likelihood function. Least-squares mini-
mization worked well though, and was consistent with the results
from Bayesian fitting. Yet, for consistency with the last section,
we quote the results from Bayesian fitting for the subsample as
well.
Just as for the full sample, the model consisting of an ex-
ponential distribution in metallicity and a Gaussian distribution
in mass (Eq. 3) performed best. We obtained the following pa-
rameters: C = 0.079, β = 2.8, µ = 1.6 M, and σ = 0.6 M.
These parameters are very similar to those derived for the full
sample, with the exception of the parameter β, which indicates
a steeper planet-metallicity correlation than for the full sample.
However, considering that the errors for the subsample are cer-
tainly somewhat larger than for the full sample, the results are
fully consistent with each other, and the differences are not sig-
nificant.
The fitting of a four parameter model to the subsample data
is clearly stretching the statistical analysis to the limits; after
all, the subsample data just consist of 12 planets around 207
stars, distributed over mass and metallicity space. Clearly, a
much larger sample with uniform detection capability with re-
spect to planets would be desirable, but will not be available in
the near future. Nevertheless, the subsample data clearly sup-
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Fig. 7. Comparison of the planet occurrence rates for our full sample
and the subsample which ensures uniform detection capability (ensur-
ing detectability of a planet of at least 2.3 MJup with a period up to
2.3 years). The planet occurrence rates in both sample are very similar
in the various stellar mass and metallicity bins; the small differences are
not significant.
port our most important finding, namely that the giant planet
occurrence rate decreases sharply for stellar masses larger than
2.5–3.0 M. In the subsample, we still have 50 stars with masses
larger than 2.7 M, around which no planet has been found. This
corresponds to a giant planet occurrence rate smaller than 3.5%
at 68.3% confidence, significantly different from the giant planet
occurrence rates for lower mass and higher metallicity bins.
From the comparison of results for the full sample and the
subsample we conclude that no obvious biases are present in
the analysis of our full sample. We confirm a strong planet-
metallicity correlation based on our subsample analysis, and a
peak in planet occurrence rate for stellar masses somewhere in
the interval between 1.5 and 2 M, with a strong decline in giant
planet occurrence rate for stars with masses larger than 3 M.
6. Discussion
6.1. Correlation of Giant Planet Occurrence Rate with Stellar
Metallicity
We find a strong planet-metallicity correlation in our Lick sam-
ple of G and K giants, with about the same power law expo-
nent (to within the errors) as observed for main-sequence stars
by Fischer & Valenti (2005) and Udry & Santos (2007); see Ta-
ble 2). Johnson et al. (2010a) also observed a positive planet-
metallicity correlation in a sample of subgiant stars, yet with a
smaller power law exponent (possibly because of the simultane-
ous fitting for the correlation with stellar mass and the distribu-
tion of stars in the mass-metallicity plane).
The parameter β which describes the planet-metallicity re-
lation is remarkably constant across models, irrespective of the
model used to describe the mass dependence of the giant planet
occurrence rate. This indicates already that we are really dealing
with two separate effects here, and planet occurrence rate does
indeed depend on both, stellar mass and stellar metallicity.
However, our finding is in sharp contrast to the results of
Pasquini et al. (2007) and Takeda et al. (2008), who did not find
the same correlation of planet occurrence rate with metallicity
as the one observed for main-sequence stars in their giant star
samples. One reason could be that their selection criteria for con-
firmed planets were not as strict as ours. In fact, our planet candi-
dates do not show a strong planet-metallicity correlation; many
planet candidates are found around lower-metallicity stars. It is
indeed notoriously difficult to distinguish giant stars harboring
true planets from giant stars which show (multi-)periodic radial
velocity variations not due to planets (see Section 4). We only
used secure planets when deriving our planet-metallicity corre-
lation, which is essential. Since the secure planet and the planet
candidate samples show a different distribution with respect to
metallicity, we believe that our sample of planet candidates is
a true mixture of stars with true planets and stars without any
planets.
In fact, this same argument can also explain the results from
Maldonado et al. (2013), who noted a difference in planet oc-
currence rate and metallicity between low-mass and high-mass
giant stars. If we divide our sample of secure planet and planet
candidate hosts at a stellar mass of 1.5 M just as they did, we
also do not observe a strong planet-metallicity correlation for
the lower mass sample, but a strong planet-metallicity correla-
tion for the higher mass sample (see Fig 2). The reason for this
is that the planet candidates are preferentially found at lower
metallicity and also at lower mass and thus pollute the strong
planet-metallicity correlation of the secure planets. The different
findings for lower and higher mass giant stars could thus sim-
ply be a consequence of a polluted sample of planet hosts with
non-planet bearing stars.
We conclude that there are strong indications for a planet-
metallicity correlation among giant star planet hosts which
matches the observed planet-metallicity correlation for main-
sequence planet hosts.
6.2. Anticorrelation of Giant Planet Occurrence Rate with
Stellar Mass
The most striking result of our analysis of giant planet occur-
rence rate as a function of stellar metallicity and stellar mass
is clearly the steep decline of planet occurrence rate for masses
larger than 2.5 to 3 M. Indeed we do not find any confirmed
planet around a star with a mass higher than 2.7 M, although
there are 113 such stars in the sample. Thus, the planet occur-
rence rate for stars with masses in the range 2.7–5 M is consis-
tent with zero (0.0+1.6−0.0%).
Our Lick K giant survey is the first Doppler survey that cov-
ers the mass range between 2 and 5 M; traditional Doppler sur-
veys have looked primarily at late-type main-sequences stars
with typical masses between 0.7 and at most 1.5 M (Fischer
& Valenti 2005; Udry & Santos 2007). A notable exception
is the Doppler survey of subgiants by Johnson (Johnson et al.
2010a), which covers stellar masses up to about 2 M. Interest-
ingly, Johnson et al. (2010a) found that the planet occurrence
rate increases with mass up to masses of about 2 M.
This is also the case in the Lick K giant survey: stars with
masses of about 2 M have the highest planet occurrence rates
observed, significantly higher than those for stars of about 1 M.
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However, this trend reverses for even higher stellar masses, be-
yond about 2.5–3 M.
Burkert & Ida (2007) have identified a lack of massive plan-
ets at intermediate orbital distances for main-sequence stars in
the mass range from 1.2–1.5 M as compared to planets found
around stars with a mass range from about 0.7–1.2 M. These
differences in planet properties occur at smaller masses than
relevant here, yet this might be a first indication that higher
stellar masses adversely affect planet formation. Burkert & Ida
(2007) attributed the observed differences in planet properties to
a shorter disk depletion timescale for more massive stars, which
could be caused by either a smaller disk size or stronger extreme
ultraviolet flux as compared to those around lower mass stars.
Ida & Lin (2005) and Kennedy & Kenyon (2008b) both con-
sidered giant planet formation around stars of various masses
using a semi-analytic formation model. The details of the mod-
els differ significantly, yet both predict an increase in the gi-
ant planet formation rate with mass over the range from about
0.5 to 1.5 M (Ida & Lin 2005) and from about 0.5 to 3.0 M
(Kennedy & Kenyon 2008b), respectively (see Fig. 7 of Kennedy
& Kenyon 2008b). After a sharp maximum, the giant planet for-
mation rate strongly decreases with stellar mass in both models.
Qualitatively, this is exactly what we observe, at a mass which
falls exactly in the mass range predicted by those two models.
The increase in planet occurrence rate with stellar mass can
be interpreted as being the result of the larger disk masses of
more massive stars. Neptune mass planets are frequent around
lower mass stars according to those models, consistent with ob-
servations, but giant planets form only rarely around lower-mass
stars (Johnson et al. 2007). Higher disk masses increase the
chance of forming a planet in general and a giant planet in partic-
ular, and thus the overall planet occurrence rate correlates with
stellar mass.
The reason why this positive correlation between planet oc-
currence rate and stellar mass breaks down at masses larger than
about 2.5–3 M can be understood as follows. As the mass of the
star increases, the snow line, at or beyond which most planets are
thought to form, is located increasingly further out (asnow ∝ Mα∗ ,
with α between 1 and 2 (Ida & Lin 2008; Kennedy & Kenyon
2008a). At increasing distances from the star, gas densities and
Kepler velocities are smaller, which both slows down growth
rates. As a result, the migration time scale τmig is also longer
(τmig ∝ M1.5∗ , Kennedy & Kenyon 2008a), while stellar disk
dispersal is faster (Kennedy & Kenyon 2009). Thus, the slower
growth rate, increased migration time scale and short lifetime of
the protostellar disk might prevent stars with masses larger than
2.5 − 3 M from forming giant planets that would be observable
at semi-major axes of a few AU today, as probed by our survey.
6.3. Effect of Stellar Evolution?
Little is known about the fate of planets as the host star evolves
from the main sequence up the giant branch. Some calculations
have been carried out specifically for the solar system, with spe-
cific consideration of the question whether or not the Earth will
eventually be engulfed by the Sun during its post-main sequence
evolution.
In the model by Sackmann et al. (1993) the Earth can evade
being swallowed, whereas the model by Schröder & Connon
Smith (2008) predicts that the Earth will be engulfed by the
Sun before it reaches the tip of the red giant branch. All studies
agree, however, on an increase of Earth’s orbital distance during
the early post-main sequence evolution of the Sun, which is due
to conservation of angular momentum as the Sun loses mass;
mass loss dominates over tidal interactions between the Earth
and the Sun as well as over dynamical drag, which both tend to
shrink Earth’s orbit. The disagreement on the final fate of the
Earth mainly comes from different assumptions about mass loss,
to which the models are rather sensitive.
Sato et al. (2008a) have discussed possible planet engulfment
during post-main sequence evolution in order to explain the ob-
served lack of close-in planets for intermediate mass stars, while
Villaver & Livio (2009) and Kunitomo et al. (2011) have derived
the orbital evolution of planets during the post-main sequence
evolution of stars more massive than the Sun. Their model cal-
culations included changes in the orbital distance of a planet in-
duced by stellar mass loss and stellar tides, through conservation
of angular momentum; an essential part of the model calcula-
tions are stellar evolutionary models. Villaver & Livio (2009)
also included frictional and gravitational drag forces, but since
their effect was found to be negligible those effects were not in-
cluded by Kunitomo et al. (2011). The result of the model cal-
culations are the time-dependent orbital distances of planets dur-
ing the stars’ red giant branch and horizontal branch phases of
stellar evolution, from which the minimum orbital distance of a
planet required to avoid engulfment by the star (critical initial
semi-major axis or survival limit) can be derived.
In summary, the orbital distances of the inner planets become
smaller (eventually leading to engulfment), while the orbital dis-
tances of the outer planets become larger during the red giant and
horizontal branch stages of the parent star. The largest changes in
the orbital distances occur at the tip of the red giant branch, when
the stellar radius is largest and tidal effects become much more
important. The critical initial semi-major axis of a planet to avoid
engulfment by the parent star is strongly dependent on stellar
mass, and to a lesser extent on planet mass and stellar metallicity,
with a sharp transition at stellar masses of around 2 M which is
due to the presence of the helium flash leading to an increase in
stellar radius for stars with masses smaller than about 2 M and
the absence of such an effect for stars with masses larger than
about 2 M (Kunitomo et al. 2011). The detailed predictions for
the critical semi-major axis for survival are quite different be-
tween the models from Villaver & Livio (2009) and Kunitomo
et al. (2011), presumably due to differences in their assumptions
about stellar evolution.
These studies illustrate that the properties of any planetary
system will be subject to profound changes during the post-main
sequence evolution of its host star. It is thus possible that the
properties of the planet population which we observe in our Lick
giant star sample are not the same as they were while the host
stars were still on the main sequence. Depending on the age of
the stars, significant orbital evolution could already have taken
place. Age determination of the giant stars is rather difficult, but
we estimated the probabilities for each star to either be on the red
giant branch or on the horizontal branch, respectively (given in
Table 3 in the appendix). We find that the parent stars of 12 out
of 15 confirmed planets (80%) are more likely on the horizontal
branch than on the red giant branch; for the planet candidates,
only 8 out of 20 parent stars (40%) are on the horizontal branch.
For comparison, 41% of the stars in the whole Lick sample are
on the horizontal branch, 56% are on the red giant branch; for
the remaining 3% we could not determine an evolutionary state.
Thus the fraction of stars with confirmed planets that are already
on the horizontal branch is relatively large, and some orbital evo-
lution could certainly have taken place already.
Villaver & Livio (2009) and Kunitomo et al. (2011) compare
their critical survival orbital distances with the orbital distances
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of planets detected around stars more massive than 1.5 M, and
find that all observed planets orbit at orbital distances large
enough to avoid engulfment during the red giant and horizon-
tal branch stellar evolutionary phases, and especially the phase
at the tip of the red giant branch when the stellar radius is largest.
Our confirmed planets have orbital distances larger than the sur-
vival limit for the models of Kunitomo et al. (2011) only, while
it looks as if some of their orbits could be in conflict with the
predictions by Villaver & Livio (2009). However, for a definitive
conclusion one would have to compute specific limits for every
system separately, taking its orbital characteristics and masses
into account.
Most importantly, Kunitomo et al. (2011) find that for stars
more massive than about 2.5 M, there is a large gap between
the critical orbital distance and the orbital distance distribution
found among observed planets. Thus, it looks as if another mech-
anism besides engulfment plays a major role in shaping the ob-
served semi-major axis distribution of giant planets around in-
termediate mass stars, preventing orbits too close in. Kunitomo
et al. (2011) conclude that most likely giant planet formation is
hindered for stars more massive than about 2.5 M.
Due to the large gap between the predictions for the sur-
vival limit and the observed distribution of orbital distances,
planet engulfment does not play a major role for the interpreta-
tion of the observed planet occurrence rate as a function of mass
for the Lick sample. It is very well possible that some planets
around stars in our sample might have been engulfed already,
but this could not explain why we do not find any giant planets
around stars more massive than 2.5–3.0 M, in particular since
the survival line is much closer in for stars more massive than
about 2 M than for less massive stars. Most likely, giant planets
around stars more massive than 2.5–3 M are not being formed
at separations of a few AU in the first place, rather than being
engulfed or kicked out during stellar evolution later on.
7. Summary
We have analyzed the distribution of planet-bearing stars in our
Lick sample of 373 G and K giants with respect to metallic-
ity and stellar mass. Altogether, we find secure planets around
15 stars and planet candidates around 20 stars, from a Doppler
survey running over twelve years. We are sensitive towards gi-
ant planets; minimum planet masses for the secure planets range
from 2.3 to 25 MJup. We obtain the following results:
1. We find a strong planet-metallicity correlation for the secure
planets in our Lick sample, with a power law exponent of
1.7+0.3−0.4 that matches the planet-metallicity correlations de-
rived for main-sequence stars (Fischer & Valenti 2005; Udry
& Santos 2007).
2. Giant planet occurrence rate and stellar mass are strongly
correlated. Based on a Gaussian fit the planet occurrence
rate is highest for a stellar mass of 1.9+0.1−0.5 M, and decreases
rapidly for stars with masses larger than 2.5–3.0 M. The
width σ of the Gaussian distribution is 0.5+0.5−0.2 M. The gi-
ant planet occurrence rate in the stellar mass interval from
2.7 to 5.0 M is < 1.6% with 68.3% confidence.
3. We repeat the statistical analysis on a subsample of our full
Lick sample which ensures uniform planet detection capabil-
ity (in terms of number of observations, stellar jitter and stel-
lar mass). Since we obtain the same results for the subsam-
ple as for the full sample to within the statistical errors, we
conclude that our analysis of the full sample is not severely
biased.
4. We do not find a planet-metallicity correlation for the planet
candidates in our sample. We conclude that at least some of
the planet candidates may not be real, despite clear periodic-
ities in their radial velocities.
5. A strong decrease in planet occurrence rates for stellar
masses above roughly 1.5 to 3 M is predicted in the semi-
analytic planet formations models by Ida & Lin (2005) and
Kennedy & Kenyon (2008a). The decrease in giant planet
occurrence rates might be explained by a smaller growth
rate, longer migration timescale and the shorter lifetime of
the protostellar disk for the more massive stars compared to
the less massive ones.
6. The observed paucity of giant planets for stars more massive
than 2.5–3 M is most likely not due to stellar evolutionary
effects which might influence the orbital parameters of or-
biting planets. More likely, giant planets with periods up to
several years are not being formed in the first place.
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